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In addition to explaining the masses of elementary particles, the Higgs boson may have far-reaching impli-
cations for the generation of the matter content in the Universe. For instance, the Higgs plays a key role in two
main theories of baryogenesis, namely electroweak baryogenesis and leptogenesis. In this letter, we propose a
new cosmological scenario where the Higgs chemical potential mediates asymmetries between visible and dark
matter sectors, either generating a baryon asymmetry from a dark matter asymmetry or vice-versa. We illus-
trate this mechanism with a simple model with two new fermions coupled to the Higgs and discuss associated
signatures.
Introduction: Asymmetries between particles and antipar-
ticles in the thermal plasma of the early Universe play an
important role in cosmology, with the most notable example
being the baryon asymmetry that we observe today. If the
baryon asymmetry arose before the electroweak phase transi-
tion (EWPT), then necessarily other asymmetries must have
existed as well due to chemical equilibrium [1, 2]. Elec-
troweak sphalerons convert asymmetries between baryon and
lepton number, while Yukawa interactions can induce a Higgs
asymmetry between H and H† (since the Higgs doublet H is
a complex scalar). A lepton asymmetry plays a key role in
leptogenesis scenarios, where lepton number is generated dy-
namically and gets converted into baryon number [3]. Lepto-
genesis may also source an asymmetry within a hidden sector
that ultimately provides the dark matter (DM) density of the
Universe within the framework of asymmetric DM [4].
In light of the recent Higgs discovery, it is tempting to ask
under which circumstances the Higgs asymmetry could prevail
to generate the relic abundance of baryons or DM. We dub
this generic scenario Higgsogenesis. An important difference
from leptogenesis is that Higgs charge is rapidly erased after
the EWPT — since the Higgs vacuum expectation value (vev)
violates Higgs number — as opposed to lepton number, which
is frozen in. Asymmetries must be decoupled from the Higgs
at this point or else they may be erased.
Although Higgsogenesis may stand alone as a baryogenesis
mechanism, in this letter we pay special attention to the possi-
ble connection to DM. If DM is associated with new physics
at the electroweak symmetry breaking scale, one typically ex-
pects couplings between the Higgs and DM. A Higgs asym-
metry can be transferred to the dark sector and would naturally
imply that DM is asymmetric (if it is not self-conjugate). This
case was proposed for Higgsino DM in a finely-tuned super-
symmetric framework [5]. Inversely, a primordial asymmetry
produced in the dark sector could be transferred to the visible
sector, therefore leading to a theory of baryogenesis that does
not require violation of baryon or lepton number beyond the
Standard Model (SM), relying on sphalerons only.
Model: To show how the Higgs can play a role in gen-
erating matter asymmetries, we consider a simple, illustra-
tive model. We introduce an EW singlet X1 and a dou-
bletX2 ≡ (X+2 , X02 ), both vector-like Dirac fermions and un-
charged under color. DM is (mostly) X1, while X2 is needed
to transfer asymmetries between the visible sector and the “X
sector.” We also introduce a gauge-singlet dark mediator φ,
which can be scalar or vector and which is required for DM
annihilation.
The Lagrangian includes vector masses m1,2 for X1,2 and
a Yukawa coupling with the SM Higgs doublet H:
−L ⊃ m1X¯1X1 +m2X¯2X2 +yH
(
X¯2X1H + h.c.
)
. (1)
We suppose that X1,2 respect an X-number symmetry, which
forbids a Majorana mass for X1. We also consider nonrenor-
malizable dimension-five operators that violate X-number:
−L ⊃ 1
Λ1
|H|2X21 +
1
Λ2
(H†X2)2 + h.c. (2)
We refer to the Λ2 term as the Higgs transfer operator since
it equilibrates charge between the Higgs and X sector; the
Λ1 term simply leads to X-number washout. The X-number
symmetry prevents mixing ofX1,2 with neutrinos and guaran-
tees DM stability. However, since the dimension-5 operators
violate it, it would have to be broken softly. (Alternately mix-
ing with neutrinos can be forbidden by imposing U(1)B−L if
it is broken by 2 units.)
After electroweak symmetry breaking, the Higgs vev v ≡
〈H0〉 in Eqs. (1) and (2) causes the two Dirac neutral
gauge eigenstates X1, X02 to mix and split, respectively,
into four Majorana mass eigenstates. As we discuss be-
low, our mechanism is viable only for small mixing angle
θ = 12 tan
−1[2yHv/(m2−m1)]  1. In this limit, the mass
eigenvalues are approximately m1 ± δ1 and m2 ± δ2, where
δ1,2 ≈ v2/Λ1,2 + v2θ2/Λ2,1. The Majorana splittings δ1,2
lead to particle-antiparticle oscillations that can erase an X
asymmetry after the EWPT [6–8].1
Origin of matter: Higgs charge provides a portal through
which asymmetries in the visible andX sectors can be linked.
1 We (ab)use the notation X1,2 to denote both the gauge and mass eigen-
states, since they are approximately equal for θ  1 and δ1,2  m1,2.
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2There are two generic cases, depending on whether an asym-
metry flows from the visible sector to the X sector, or vice
versa. We consider both cases below, but first we discuss some
preliminaries.
Equilibration of charge asymmetries between different
species is governed by relations between chemical poten-
tials, assuming various interactions are in chemical equilib-
rium [1, 2]. For species i, the charge density is ni ≡
n+i −n−i = T 2ki(mi/T )µi/6, where T is temperature, µi
is the chemical potential (with µi  T ), and ki(x) ≡
6pi−2 gi
∫∞
x
dz z
√
z2 − x2 ez/(ez ± 1)2, with + (−) for
fermions (bosons), and gi counts color, generation, etc. (Note
ki(0) = gi for chiral fermions, ki(0) = 2gi for complex
scalars.) For T . 106 GeV, all SM interactions are in chemi-
cal equilibrium [9], giving Yukawa and weak sphaleron equi-
librium conditions (before the EWPT)
nQ
kQ
+
nH
kH
=
nu
ku
,
nQ
kQ
− nH
kH
=
nd
kd
, (3)
nL
kL
− nH
kH
=
ne
ke
,
3nQ
kQ
+
nL
kL
= 0 ,
where Q,L are the left-handed quark and lepton doublets,
and u, d, e are the right-handed quarks and charged leptons,
summed over three generations.2 Approximating SM states to
be massless, the k-factors are
kQ = 18, ku = 9, kd = 9, kL = 6, ke = 3, kH = 4 . (4)
We also set the hypercharge density to zero:
Y =
nQ
6
+
2nu
3
− nd
3
− nL
2
− ne + nH
2
+
nX2
2
= 0 . (5)
Lastly, we consider chemical equilibrium conditions from H
couplings to the X sector. The yH term in Eq. (1) gives
nX1
kX1
+
nH
kH
=
nX2
kX2
, (6)
provided X2 ↔ X1H is faster than the Hubble rate. If the
nonrenormalizable terms in Eq. (2) are in equilibrium, we
have
nX1
kX1
= 0 ,
nX2
kX2
=
nH
kH
. (7)
Since the scattering rate for, e.g., HX2 → H†X¯2 scales
as T 3/Λ22, these interactions are in equilibrium for T &
Λ21,2/MPl. For lower temperatures (or if Λ1,2 are sufficiently
large), Eqs. (7) do not hold — an important fact depending on
which way the asymmetry is transfered.
2 Having X2 charged under SU(2)L modifies the sphaleron equilibrium
condition at high T , with chiral states X2L and (XC2 )L participating in
the sphaleron vertex. Ref. [10] estimated that for T  3
√
m22MPl, their
effect in the sphaleron may be neglected due to washout from theX2 mass
term.
Case I — Asymmetry from the visible sector: First, we con-
sider an asymmetry that is transfered to the X sector from
the visible sector. We suppose a primordial B−L asymme-
try is generated before the EWPT, via leptogenesis [3] or an-
other mechanism, inducing a nonzero chemical potential for
H . Higgs charge flows to the X sector through the (H†X2)2
operator, assumed to be in chemical equilibrium. Solving
Eqs. (3-7), the X1,2 charge densities are
nX1 = 0 , nX2 = −
16kX2
13kX2 + 316
nB−L , (8)
where nB−L is the primordial B−L density. (These rela-
tions hold independently of whether or not the |H|2X21 and
yHX¯2X1H operators are in equilibrium, since there is no
source term for X1 charge.) Eventually, Higgs charge transfer
freezes out, at temperature Ttr ∼ Λ22/MPl, freezing in the X
asymmetry. Below Ttr, X charge gets converted from X2 to
X1 as X2 becomes nonrelativistic and decays X2 → X1H .
(We assume the |H|2X21 operator is also frozen out at this
point, otherwise nX1 washed out.) This dynamics is summa-
rized in Fig. 1
Next, at the EWPT (at Tew ∼ 100 GeV), the baryon asym-
metry freezes out, giving nB = (28/79)nB−L. (This relation
assumes a first-order EWPT; our predictions will be modi-
fied by O(1) if this is not the case.) Thus, the DM-to-baryon
charge ratio is
nX1
nB
= − 316 k
tr
X2
2212 + 91ktrX2
≈
{ −0.5 xtr . 1
−0.4x3/2tr e−xtr xtr  1
(9)
where xtr ≡ m2/Ttr and ktrX2 ≡ kX2(xtr). Eventually, the
symmetric X1, X¯1 density annihilates efficiently (discussed
below), leaving behind the residual asymmetric component as
DM. The ratio of DM-to-baryon energy densities observed to-
day is Ωdm/Ωb = (m1/mp) |nX1/nB | ≈ 5. The maximal
X charge arises if X2 is relativistic at Ttr (xtr . 1), giving a
lower bound for the DM mass, m1 ≈ 10 GeV. A smaller X
charge occurs for xtr  1, requiring larger m1. Fig. 1 shows
contours of (m1,m2) giving the correct relic abundance for
different Λ2.
A nontrivial complication is the fact that Eq. (2) gen-
erates Majorana masses δ1,2 for X1,2 that turn on at the
EWPT. These terms violate X-number and lead to oscilla-
tions that erase the X asymmetry. To realize asymmetric
DM, we require (i) X2 ↔ X¯2 oscillations do not occur be-
fore X2 has transfered its charge to X1, and (ii) X1 ↔ X¯1
oscillations do not occur before freeze-out of X1X¯1 anni-
hilation. Condition (i) is generally satisfied since X2 un-
dergoes rapid gauge scatterings with SM fermions f in the
plasma, which delays oscillations [7, 8]. The gauge scat-
tering rate Γs(X2f → X2f) ∼ G2FT 5 is larger than the os-
cillation rate δ2 for T & GeV× (1011 GeV/Λ2)1/5, assum-
ing Λ2  Λ1/ sin2 θ. Since m2 & 100 GeV is required
by LEP2 chargino searches [11], X2 has decoupled from the
plasma when its oscillations begin. Condition (ii) is less eas-
ily satisfied. X1 ↔ X¯1 oscillations turn on at temperature
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FIG. 1: Left: Schematic representation of the charge transfer dynamics of case I. A primordial B−L charge generates a Higgs asymmetry,
which subsequently flows to X2 by the Higgs transfer operator. When this operator freezes out at Ttr , the visible and X sectors are no longer
in chemical equilibrium and X charge is frozen in. Later, X2 → X1H decays transfer the DM asymmetry to X1. Right: For case I, the red
solid lines represent the contours for the correct DM relic abundance for given Λ2. The shaded area is excluded to guarantee m1 < m2 and
m2 & 100 GeV. For the smallest Λ2 values that lead to a large range of DM masses at the (sub)TeV scale and m1 . xfTew ∼ 3 TeV, the
symbols on the contours indicate the yH -dependent lower bounds on (m1,m2) for X1-X¯1 oscillations to start after X1 freeze-out.
Tosc ∼ min(Tew,
√
δ1Mpl), with no gauge scattering to de-
lay their onset. The “min” corresponds to the fact that δ1 is
proportional to the Higgs vev and becomes nonzero only after
the EWPT. If Λ1 ∼ Λ2 and Ttr < Mpl, then δ1 & v2/Mpl
and Tosc ∼ Tew. The only way to avoid erasure of the X1
asymmetry is if annihilation freezes out before Tew, requir-
ing either multi-TeV DM or an unusually small Tew  100
GeV [5]. On the other hand, if Λ1  Λ2, then δ1 is sup-
pressed by θ  1. In this case, imposing that X1 freezes
out before oscillating leads to lower bounds on m1 and m2,
which depend on the value of the Yukawa coupling yH . This
is illustrated in Fig. 1, where the symbols on the red contours
indicate the lowest allowed masses (for a given yH ) for the
asymmetry not to be erased by oscillations. There is no such
bound for m1 & xfTew ∼ 3 TeV.
Case II — Asymmetry from the X sector: Next, we con-
sider an alternative case where an asymmetry from the X sec-
tor is transferred to the visible sector, thereby generating theB
asymmetry. At some initial time anX asymmetry is generated
(e.g., a heavy scalar may decay out-of-equilibrium, with CP-
violating rates for X1X1, X¯1X¯1 final states). The X1 asym-
metry generates a chemical potential forH , which flows to the
visible sector through Yukawa and sphaleron interactions (see
Fig. 2). As before, the resulting B asymmetry is determined
by requiring these interactions to be in chemical equilibrium
(with Y = 0), given by Eqs. (3-6). We have
nB
nX
=
12kX2
13kX1kX2 + 316(kX1 + kX2)
, (10)
even thoughB−L is zero. We also require that the dimension-
five operators are not in equilibrium, which otherwise would
wash out this asymmetry. That is, we do not impose Eqs. (7);
otherwise the only solution is nX = nB = 0.
TheB asymmetry freezes-out at the EWPT. In the limit that
the EWPT is instantaneous, the B-to-X charge ratio is fixed
by Eq. (10) at Tew, given by(
nB
nX
)
Tew
≈
{
0.024 m1,2  Tew
0.076
(
m2
m1
)3/2
e−
m2−m1
Tew m1,2  Tew .
(11)
Values of nB/nX at Tew are shown in Fig. 2.
The finite duration of the EWPT causes additional washout
of nB . Since µH is rapidly relaxed to zero during the
EWPT (since the vacuum violates Higgs number), the B
asymmetry also relaxes away if sphalerons are still active.
The washout factor W has been calculated from the finite
temperature sphaleron rate after the EWPT to be W ≈
exp(−1010κζ7e−ζ) where κ ∼ 0.001 is the fluctuation deter-
minant (for mh = 125 GeV) and ζ = Esph(Tc)/Tc gives the
sphaleron barrier energy at the critical temperature Tc [12].
Ultimately, the baryon asymmetry today is
nB/s = W (nB/nX)Tew (nX/s)in , (12)
where (nX/s)in is the initial X charge asymmetry, and s
is the entropy density. Since (nB/nX)Tew . 10−2 and
(nX/s)in . g−1∗ ∼ 10−2, we require W & 10−6 to achieve
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FIG. 2: Left: Schematic representation of the charge transfer dynamics of case II. A primordial X1 charge generates a Higgs asymmetry,
which through spectator processes, biases electroweak sphalerons into generating B and L charge (even though B−L = 0). The B density
is frozen in for a sufficiently strong first order EWPT. Particle-antiparticle oscillations washout the X asymmetry after the EWPT, and DM is
symmetric at thermal freeze-out. Right: For case II, contours of (nB/nX)Tew at the EWPT, as a function ofm1,2. The final baryon asymmetry
today is (nB/nX)Tew times a washout factor W (see text).
nB/s ≈ 10−10. This leads to a similar condition as in EW
baryogenesis, v(Tc)/Tc & 1, which is only weakly sensitive
to W . The dark mediator φ, introduced for annihilation, can
in principle play a role to strengthen the EWPT as well.
Since nB is much smaller that the asymmetry in the X sec-
tor, oscillations are crucial for erasing the latter and obtain-
ing the correct Ωdm. Oscillations begin at Tosc ∼ Tew for
Λ1 . MPl, the DM asymmetry is erased before freeze-out,
and Ωdm is determined by symmetric freeze-out by requir-
ing 〈σv〉 ≈ 6 × 10−26 cm3/s. At the same time, we require
that the initial X asymmetry is generated at T  Λ21,2/MPl,
such that dimension-five interactions are never in equilibrium.
We find that the condition of having enough oscillations –
without equilibrating the asymmetries away – is satisfied for
Λ1,2  4× 1010 GeV and m1  108 GeV.
Symmetric annihilation & phenomenology: For asym-
metric freeze-out (case I), X1X¯1 annihilation must be ef-
ficient enough to deplete the symmetric density, requiring
〈σv〉 & 6 × 10−26 cm3/s [13]. For symmetric freeze-out
(case II), the lower limit must be saturated to give the cor-
rect relic density. In principle, X1X¯1 can annihilate into SM
states directly through gauge interactions for θ ∼ 1. However,
this also leads to a sizable spin-independent (SI) cross section
for X1 scattering with the neutron (n) through Z exchange:
σSIn ≈ µ2nG2F sin4 θ/(2pi) ≈ 7 × 10−39 cm2 sin4 θ , where
µn ≈ mn is the reduced mass. Current XENON100 limits re-
quire θ < 0.1 for the range 10 < m1 < 104 GeV (this limit is
a function of mass, with the strongest limit at m1 = 55 GeV
requiring θ < 0.03) [14]. For small values of θ, achieving a
large enough 〈σv〉 is excluded.
The presence of a dark mediator φ provides a means of effi-
cient annihilation through the t-channel process X1X¯1 → φφ
for mφ < m1. At leading order in the relative velocity v, the
cross section is σv ≈ piα2Xc(v)/m21, where αX is the cou-
pling, and c = 1 if φ is a vector or c = 3v2/8 (v2/24) if φ
is a (pseudo)scalar. A wide range of (m1, αX) can achieve a
sufficient cross section, although a larger coupling is required
for the scalar cases due to the p-wave suppression.
Electroweak X2 pair production can be studied at colliders,
provided it is kinematically accessible. The dominant decay
modes are X+2 → W (∗)X1 and X02 → Z(∗)X1, with X1
escaping as missing transverse energy (MET). Recent CMS
and ATLAS analyses at 8 TeV (with 9 fb−1 and 21 fb−1, re-
spectively) have searched for 3` + MET final states charac-
teristic ofX+2 X¯
0
2 production [15, 16], with ATLAS excluding
m2 . 320 GeV for m1 . 70 GeV. X02 X¯02 → X1X¯1Z(∗)Z(∗)
can be studied in 4`+ MET searches.
Due to particle-antiparticle oscillations, annihilation can
occur today, producing an observable signal in DM halos,
while annihilation at earlier times can modify reionization as
imprinted on the cosmic microwave background [17]. The
specific indirect and direct detection signals depend on the
spin and CP of φ, and how it couples to the SM [18], with
additional possible correlations with electric dipole moment
searches [19]. Meditors with highly suppressed couplings to
the SM can be still be probed through astrophysical observa-
tions of structure [20].
Conclusions: With the discovery of the Higgs, it is im-
portant to ask what role this new boson may play cosmologi-
cally. In electroweak baryogenesis, the Higgs sector provides
nonequilibrium dynamics during the EWPT, while in lepto-
genesis, the Higgs is crucial for CP-violating decays. The
purpose of this paper was to investigate potential cosmolog-
ical aspects of a minimal SM-like Higgs boson within a new
framework for generating the dark matter and/or baryon den-
sities of the Universe. Existing baryogenesis scenarios rely on
5Case 1: Asymmetric DM from baryogenesis Case 2: Baryogenesis from Asymmetric DM
(1) B − L is generated and converted to an X2 asymmetry (1) X1 charge is generated and produces an H charge
via (H†X2)2/Λ2 operator. via yHX¯2X1H operator.
(2) X2 charge is transferred to dark matter X1 via X2 → X1h (2) H chemical potential generates baryon asymmetry nB .
1st order phase transition is needed to avoid washout of nB
(3) X1X¯1 annihilate. (3) X1 ↔ X¯1 oscillations due to |H|2X21/Λ1 operator
DM abundance is entirely controlled by X1 asymmetry erase the large primordial X1 asymmetry.
DM abundance is controlled by symmetric annihilations
(4) X1 ↔ X¯1 oscillations turn on after X1 freeze-out (4) DM is symmetric
TABLE I: Summary of the two Higgsogenesis scenarios. In both cases, DM annihilations can occur today.
either generating a baryon asymmetry directly or generating
a lepton asymmetry that is reprocessed into baryon number.
Similarly, asymmetric dark matter scenarios often rely on dark
matter particles carrying baryon or lepton number which gets
interconverted between the two sectors. Aside from baryon or
lepton number, a Higgs number asymmetry is the third kind
of asymmetry that can be generated in the SM. In this work,
we have explored a new mechanism where a Higgs asymme-
try in the early Universe generates dark or baryonic matter. In
our setup, we do not need to introduce new baryon or lepton
number violating interactions, relying instead only on interac-
tions between the Higgs and the dark sector. We proposed a
simple model, with two new fermions X1,2 that couple to the
Higgs, to illustrate two different cosmological scenarios. In
case I, asymmetric DM can naturally result from a primordial
B−L asymmetry through Higgs charge transfer. Inversely,
in case II, a primordial DM asymmetry can generate a Higgs
asymmetry, which in turn generates the B asymmetry without
additional sources of B violation beyond EW sphalerons, see
Table I. It is interesting to note that in case II, no B − L is
generated, but by having an asymmetry trapped in the specta-
tor X2, we are biasing sphalerons into generating B + L. Al-
though the Higgs transfer operator remains inaccessible due
to its high scale Λ2 & 1011 GeV, the X sector can be probed
experimentally through the EW couplings of X2 or through
the dark mediator φ. The Higgs boson does possess a cou-
pling to the dark sector, which can lead to invisible Higgs de-
cays. This is consistent with LHC results. It is quite interest-
ing that a model as simple as this (just adding two new color-
less fermions) remains unconstrained by the LHC but can still
have dramatic implications for relating the dark matter and
baryogenesis puzzles. Higgsogenesis shares many dynami-
cal features with electroweak baryogenesis and leptogenesis
(e.g., charge equilibration, oscillations, and collisional damp-
ing), and quantum kinetic formalisms developed in those con-
texts [21] may be of use here as well.
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